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Abstract 1 
 2 
Background 3 
The management of unruptured aneurysms is controversial with the decision to treat influenced by 4 
aneurysm characteristics including size and morphology. Aneurysmal bleb formation is thought to 5 
be associated with an increased risk of rupture. 6 
 7 
Objective 8 
To correlate computational fluid dynamic (CFD) indices with bleb formation. 9 
 10 
Methods 11 
Anatomical models were constructed from three-dimensional rotational angiogram (3DRA) data in 12 
27 patients with cerebral aneurysms harbouring single blebs. Additional models representing the 13 
aneurysm before bleb formation were constructed by digitally removing the bleb. We characterised 14 
haemodynamic features of models both with and without the bleb using CFDs. Flow structure, wall 15 
shear stress (WSS), pressure and oscillatory shear index (OSI) were analysed. 16 
 17 
Results 18 
There was a statistically significant association between bleb location at or adjacent to the point of 19 
maximal WSS (74%, p=0.019), irrespective of rupture status.  Aneurysmal blebs were related to 20 
the inflow or outflow jet in 89% of cases (p<0.001) whilst 11% were unrelated. Maximal wall 21 
pressure and OSI were not significantly related to bleb location. The bleb region attained a lower 22 
WSS following its formation in 96% of cases (p<0.001) and was also lower than the average 23 
aneurysm WSS in 86% of cases (p<0.001).  24 
 25 
Conclusion 26 
Cerebral aneurysm blebs generally form at or adjacent to the point of maximal WSS and are aligned with 27 
major flow structures. Wall pressure and OSI do not contribute to determining bleb location. The 28 
measurement of WSS using CFD models may potentially predict bleb formation and thus improve the 29 
assessment of rupture risk in unruptured aneurysms.  30 
 31 
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Main Manuscript 8 
INTRODUCTION 9 
Intracranial aneurysms are focal pathological dilatations of the cerebral arteries predominantly 10 
arising from the circle of Willis. Rupture results in subarachnoid haemorrhage (SAH), with a 11 
prevalence of 8.1 per 100,000 per annum in Australia. The one month mortality is 39%
1
. The 12 
management of unruptured aneurysms is controversial but essentially involves an assessment of 13 
the natural history and rupture risk for each individual aneurysm, compared to the morbidity of 14 
treatment (surgical clipping or endovascular obliteration)
2
. Risk factors for rupture include size, 15 
location, previous history of SAH, family history and aneurysm morphology
1-4
. 16 
 17 
Clinical experience and increasing literature suggests that the appearance of a bleb on an 18 
aneurysm portends increased risk of rupture, likely due to a weaker wall than the surrounding 19 
aneurysm
4-7
. Crompton et al.
5
 describes ‘daughter bubbles’ on 57% of ruptured aneurysms as 20 
opposed to 16% of unruptured aneurysms. Tsukahara et al.
6
 more recently reported a series of 21 
712 initially unruptured aneurysms and reported a global rupture rate of 3.42% per year, with a 22 
rupture rate of 28.3% per year for those harbouring a bleb.  23 
 24 
Blood flow impact results in two related but different physical forces, namely wall pressure, 25 
resulting from the perpendicular component of inertial force and wall shear stress (WSS), 26 
resulting from viscous friction forces acting tangential to the direction of flow
8
. Oscillatory shear 27 
index (OSI) is a non-dimensional parameter first described by Ku et al.
9
 and measures the 28 
directional change of WSS during the cardiac cycle. OSI has been correlated to regions of 29 
3 
 
atherosclerotic formation
9 
which in turn has been related to inflammation and vessel wall 1 
weakening
10
. 2 
 3 
Computational fluid dynamics can accurately simulate the blood flow within anatomical 4 
aneurysm models created from real patient data and provide information such as WSS, wall 5 
pressure and OSI. Haemodynamic factors such as these likely provide critical roles in initiation, 6 
formation and rupture of intracranial aneurysms
8-11
. The role of these factors in aneurysm 7 
progression remains unclear and the question of whether bleb formation is related to high or low 8 
shear stress areas is equally debated.  9 
 10 
We report findings from 27 patients harbouring single blebs using pre-bleb CFD models. Flow 11 
structure, wall shear stress (WSS), wall pressure and oscillatory shear index (OSI) were analysed 12 
and correlation with bleb location was sought. This enabled us to clarify the relationship between 13 
intracranial aneurysm CFD parameters and bleb location. 14 
 15 
METHODS 16 
Patients Data 17 
 18 
From July 2011 to August 2012, we retrospectively reviewed all intracranial aneurysm patients 19 
and identified 36 patients with cerebral aneurysms harbouring well defined blebs from the Royal 20 
Brisbane and Women’s Hospital database. We defined a bleb as a smaller secondary focal 21 
dilatation residing on, and readily distinguishable from, the primary aneurysm itself. Nine of 22 
these were omitted as three-dimensional rotational angiograms had not been performed (2 23 
patients), the angiogram was of too poor a quality to use for computational modelling (2 patients) 24 
or the aneurysm model was an anterior communicating artery with both feeding vessels present 25 
(5 patients), leaving 27 patients each with single blebs for analysis. The reason for excluding the 26 
anterior communicating artery aneurysm patients above was that DSA data only included 27 
unilateral inflow and thus could not adequately reflect the true bilateral inflow required for 28 
accurate simulation. See Table 1 for patient and aneurysm details. 29 
 30 
4 
 
Patient specific three-dimensional rotational angiogram (3DRA) data (Siemens Artis Zee 1 
System, Germany) were obtained from 2 series of 190° rotations. The first spin was a subtraction 2 
mask and the second with contrast (18mL Ultravist 240 at 2.5mL / sec) via a catheter placed at 3 
the internal carotid or vertebral artery. A total of 120 angiographic images with a matrix size of 4 
512×512 pixels were obtained with a 17-inch field of view. These images were converted to 5 
isotropic 3D volume data with a voxel size of 0.28mm. The 396 DICOM images were then 6 
exported for segmentation. This project was approved by the hospitals Human Research Ethics 7 
Committee. 8 
 9 
Anatomical Models 10 
 11 
The DICOM images were imported to OsiriX (Pixmeo) where stereolithographic images were 12 
created based upon grey level thresholding at 500 Hounsfield units. This level was chosen from 13 
analysing prior cases and found to most accurately represent the vessel geometry of interest. 14 
These 3D images were then imported into Rapidform XOR3 64 (INUS Technology) where 15 
vessel inlet and outlet planes were created, small branching vessels truncated and fine 16 
irregularities refined. Proximal parent artery length was maximized to ensure accurate 17 
representation of flow structures entering the aneurysm
12
. The pre-bleb model was then created 18 
via manually delineating the bleb base by defining the point of maximum inclination angle 19 
between the bleb and the primary aneurysm body. The next step was to digitally remove the bleb 20 
and recreate the aneurysm surface using an inbuilt auto-rendering technique that produces a 21 
‘new’ aneurysm surface based on the dimensions and angles of the aneurysm curvature in the 22 
immediate vicinity to the previous bleb. The aneurysm model was then subdivided into four 23 
sections : bleb, primary aneurysm, near vessel (defined as all vessels within 10 mm of the 24 
aneurysm neck) and far vessel (all vessels distal to the near vessel) as per Cebral et al.
11
 (Figure 25 
1). Finally, non-uniform rational B-spline (NURBS) surfaces for both models (bleb and pre-bleb) 26 
were created in IGES format. Note that anterior communicating artery (AcomA) models were 27 
only included where one of the feeding A1 vessels was absent. 28 
 29 
Haemodynamic Models 30 
 31 
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The IGES files were imported into ANSYS Workbench V14.0 (ANSYS Inc., Canonsburg, Pa., 1 
USA) and a volumetric tetrahedral mesh with inflation was generated with a resolution of 0.1 to 2 
0.4 mm for CFD simulation resulting in an average of 1.9 million elements per model. Inflation 3 
was applied to ensure the wall boundary layers were properly resolved. ANSYS Fluent V14.0 4 
was used to solve the transient Navier-Stokes equations using a pressure-based, double precision 5 
implicit solver with second order discretization for pressure and momentum. Pulsatile 6 
physiological flow conditions were prescribed at the inlet boundaries using flow rate waveforms 7 
derived from phase-contrast magnetic resonance images as per Ford et al.
13
. Blood was modelled 8 
as an incompressible Newtonian fluid with density 1056 kg/m
3
 and viscosity 0.0035 Pa-s. 9 
Viscoelastic properties of the vessel wall were neglected; no-slip wall conditions and zero gauge 10 
pressure at the outlets were applied. A time step of 0.001 seconds was used with one cardiac 11 
cycle being 0.9 seconds thus 900 time steps per cycle were performed. To eliminate initial flow 12 
transients, calculations were performed over two cardiac cycles and all results were taken from 13 
the second cycle. 14 
 15 
Definitions 16 
 17 
All references to wall shear stress and pressure are averaged over one cardiac cycle. Maximal 18 
WSS was defined as the point on the aneurysm surface with maximal wall shear stress that was 19 
separate to that of the aneurysm ostium. This was chosen as in most aneurysm models the point 20 
of maximal WSS within the aneurysm region was actually at the ostium (due to concentrated 21 
blood impaction at the point of flow division) and not within the aneurysm body which was our 22 
point of interest (Figures 2 & 3). Maximal pressure was simply taken as the point on the 23 
aneurysm wall with maximal pressure. 24 
Oscillatory shear index (OSI) is a measure of the variation of the instantaneous WSS vector 25 
relative to the time averaged WSS vector. It ranges from zero, where there is no flow direction 26 
change, to 0.5 where the flow direction is oscillating. OSI was derived from the following 27 
formula
14
 : 28 
 29 
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where 1 
, 2 
, 3 
τw is the instantaneous WSS vector and T is the duration of the cardiac cycle. The physiological 4 
level of OSI to maintain endothelial function has been suggested as less than 0.2
15
, thus we 5 
defined high OSI as any value greater than or equal to this. 6 
All variables were classified with respect to bleb location as: (i) at – within the bleb region itself 7 
(i.e. that area of the newly constructed aneurysm dome corresponding to where the bleb had been 8 
prior to manually removing it),  (ii) adjacent – within one radius of the bleb region, or (iii) away 9 
– further than one radius from the bleb location. Here radius refers to half the average diameter 10 
of the bleb region as defined from the pre-bleb model. Blood flow paths were analysed using 11 
streamline plots, isovelocity plots and velocity vector planes (Figures 2 & 3) and classified based 12 
on their location to the bleb regions (as defined above) and their relationship to the major 13 
outflow streams. The term ‘bleb region’ in the pre-bleb model refers to the surface with underlies 14 
the bleb on the original model and is highlighted by the black line on the models depicted. 15 
Data Analysis 16 
 17 
For qualitative data, the sign test was used to compare between the two groups (i.e. bleb versus 18 
pre-bleb). For quantitative data, the Wilcoxon signed-rank test was used as the data were not 19 
normally distributed. Statistical significance was taken as two-tailed p < 0.05. SPSS Version 19 20 
(IBM Software) was used for all statistical analysis. 21 
RESULTS 22 
The data used for correlation of bleb location was generated from the pre-bleb models. We found 23 
that maximal WSS was located at or adjacent to the bleb in 4 and 16 cases respectively, a total of 24 
74% of cases (p=0.019), and not related in 26% (Table 2). Note that adjacent here refers to 25 
within one radius of the bleb region (Refer to Definitions subsection). Rupture status of the 26 
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aneurysm did not affect this, with similar results for ruptured (72%) and unruptured (78%). 1 
There were no statistically significant differences between these two groups. 2 
Streamlines were found to impinge at or adjacent to the bleb in 9 and 12 cases respectively, or be 3 
related to the outflow jet in 3 cases and thus be related to the bleb in 89% of cases (p<0.001). In 4 
only 11% of cases were the streamlines unrelated to bleb location. Representative cases are 5 
shown in Figures 2 and 3. Maximal pressure and OSI > 0.2 were not found to be associated with 6 
bleb location (Table 2, Figure 4). 7 
On analysis of the bleb models, WSS was lower in the bleb than the primary aneurysm in 89% of 8 
cases (p<0.001). Pressure was greater in the bleb in 63% of cases and OSI was greater in the bleb 9 
in 44% of cases, however neither were statistically significant (Table 3). 10 
Aneurysmal WSS (inclusive of the bleb regions) was lower than the nearby parent artery “near 11 
vessel” in 100% of cases (p<0.001), with pressure and OSI greater for the aneurysm than the 12 
nearby parent artery in 93% of cases (p<0.001, Table 4). 13 
Analysing WSS across the four prior defined regions for bleb and pre-bleb models revealed that 14 
WSS in the bleb region decreased from 2.90 ± 1.02 Pa to 1.68 ± 1.17 Pa following bleb 15 
formation (p<0.001). Concomitantly, the overall aneurysm (primary aneurysm plus bleb) WSS 16 
decreased from 2.98 ± 2.26 Pa to 2.83 ± 2.62 Pa (p<0.001).  The WSS within the parent vessel 17 
did not alter significantly (Figure 5). 18 
DISCUSSION 19 
Aneurysmal bleb formation is associated with increased rupture risk
4-6
. Whilst many CFD 20 
studies have focused on the prediction of aneurysmal rupture status
11,16-18
, few have examined 21 
the bleb region itself1
9-22
, with only two of these studies examining aneurysmal models prior to 22 
bleb formation
19,22
. In attempting to understand the aetiology of bleb formation, it seems intuitive 23 
that CFD analysis should be undertaken on the model prior to bleb formation as the presence of 24 
the bleb alters local haemodynamics. 25 
Wall shear stress has been the primary focus of CFD studies, as non-physiological values have 26 
been linked to atherosclerosis
7,9,23-25
, thrombosis
24
, leukocyte adhesion
7,24,25
, smooth muscle 27 
proliferation
7,24,25
, re-orientation of endothelial cells
7,23,24 
and endothelial apoptosis 
7,23,25
. Two 28 
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competing theories have been advanced with respect to the role of WSS affecting bleb formation. 1 
Cebral et al.
19
 proposed that bleb formation is related to local regions of high WSS, which may 2 
contribute to focalised wall damage and bleb formation. Shojima et al.
22
 forwards a competing 3 
theory that regions of low WSS may cause inflammation related endothelial degradation and 4 
bleb formation. Of note, Shojima et al’s data set is unique in that it models the aneurysm prior to 5 
the actual formation of a bleb, though the small number of cases (n=3) may limit the validity of 6 
their conclusions.   7 
Cebral et al.
19
 found a statistically significant correlation between high WSS regions and bleb 8 
formation, concluding that bleb formation occurred at or adjacent to a region of high WSS in 9 
80% of cases. Our results support this fundamental association of a strong relationship between 10 
bleb location and a region of high WSS such that 96% of blebs were correlated to a region within 11 
90% of the maximum WSS, and 100% were correlated to a region within 70% of this maximum 12 
WSS value. In addition we report that 74% of blebs (p=0.019, Table 2) were correlated to the 13 
actual point of maximal WSS, not just a region of high WSS. This result may relate to the fact 14 
that bleb location was significantly associated with major aneurysmal blood flow paths in 89% of 15 
cases (p<0.001), which is in agreement with previous studies
19,20
. We suggest that correlating 16 
bleb location to a maximum, and not simply a region of predefined high WSS, has the potential 17 
advantage of providing increased accuracy in prospective predictive models by limiting the 18 
search area for future bleb formation. 19 
High oscillatory shear index (OSI) has been associated with the aetiology and locality of 20 
atherosclerotic plaques
9,26
, endothelial damage
7,9,26-28
, aneurysm formation and rupture 
9,20,21,26
. 21 
Previous studies have confirmed a positive correlation between elevated OSI within the bleb 22 
region and aneurysm rupture
16,20,21
. This association may simply relate to the fact that a bleb 23 
induces increasingly unstable blood flow merely via its presence and hence an increased OSI. It 24 
is therefore intuitive that a high OSI may be a surrogate marker for the previously formed bleb 25 
and it is actuality the presence of the bleb itself that is the true feature associated with higher 26 
rates of rupture. However the relationship between bleb formation and OSI locality has not 27 
previously been examined in a pre-bleb model. A high OSI (defined as greater than 0.2) was 28 
found at or adjacent to 16 pre-bleb models (59%, p=0.442) and thus was not statistically 29 
significant for predicting bleb location. Once the bleb formed, this correlation increased to 24 30 
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models (89%, p<0.001) in keeping with the above theory. These conflicting results between pre 1 
and post bleb models reinforce the need to perform predictive simulations on a pre-bleb model. 2 
Following bleb formation, the WSS decreased within the bleb region by an average of 73%, such 3 
that 24 of the 27 models now had a lower WSS within the bleb region than the primary aneurysm 4 
(Table 3 & Figure 5). This is in keeping with the literature
19-22 
and is explained by the presence 5 
of a counter-current vortex within the bleb region i.e. slower recirculating flow in the opposite 6 
direction to that within the primary aneurysm (Figure 1). Some authors propose that the 7 
formation of a bleb may in fact be a protective mechanism whereby the unphysiologically high 8 
WSS is lowered upon their creation
8
. Ultimately this may be offset by the endothelial weakening 9 
imposed by the eventual subphysiological WSS
7,29
, perhaps mechanistic in their eventual 10 
rupture. This may also be supported by the observation that in all patient models the aneurysm 11 
region showed significantly lower WSS than the nearby vessel, again a possible initial protective 12 
mechanism (Table 4). 13 
Our study based its pre-bleb model on that of the original bleb model and not on raw imaging. 14 
The assumption being that the digital formatting to create the pre-bleb model is true and 15 
representative of the aneurysm’s initial morphology. This implies that bleb formation proceeds in 16 
a stepwise process, with the main aneurysm forming initially and the bleb at a later point in time. 17 
Whilst the literature on this is scarce, the notion that blebs form secondarily to the aneurysm is 18 
supported in the few papers on this topic
22,30,31 
and the fact that Shojima et al.
22
 were able to 19 
accurately coregister their pre and post bleb models using actual data would further lend support 20 
to this notion. In our 27 models (Refer to streamlines within Table 2), the major flow structures 21 
were not affected by the presence or absence of the bleb, however small changes within the body 22 
or dome of the aneurysm could alter the relative position of the bleb and thus change its 23 
haemodynamic relations. We do acknowledge that this still remains an assumption and needs to 24 
be further validated. 25 
There are several limitations to this work. As with all computational studies, several assumptions 26 
were made. Inflow profiles were not patient specific and taken from a cohort of healthy patients. 27 
The vessel wall was assumed rigid as a precise description of the mechanobiological properties 28 
remains challenging
32,33 
and blood was assumed Newtonian
34
. Prior investigations have indicated 29 
that these are second order issues with only minimal effect upon flow dynamics
35,36
, whilst the 30 
10 
 
most important factor is that of vessel geometry. This was attained from high resolution 3D 1 
rotational angiography, regarded as the optimal imaging modality for these studies with the 2 
highest resolution
37
. 3 
CONCLUSIONS 4 
Cerebral aneurysm blebs form at or adjacent to the point of maximal WSS and are aligned with 5 
major flow structures, irrespective of aneurysm rupture status. Pressure and OSI do not contribute 6 
to determining bleb location. Once the bleb is formed, it usually exhibits a lower WSS than the 7 
aneurysm. These findings add to the existing literature that the point of maximal WSS may 8 
potentially be useful in predicting the location of bleb formation, and thus may play a role in the 9 
future risk stratification of unruptured aneurysms. We suggest that computational fluid dynamic 10 
analysis of bleb formation and location should be performed on pre-bleb models as the formation 11 
of the bleb alters local haemodynamics. 12 
 13 
REFERENCES  14 
1. Epidemiology of aneurysmal subarachnoid hemorrhage in Australia and New Zealand: 15 
incidence and case fatality from the Australasian Cooperative Research on Subarachnoid 16 
Hemorrhage Study (ACROSS). Stroke. 2000; 31:1843–1850. 17 
2. Wiebers DO, Whisnant JP, Huston Jr,et al. International study of unruptured intracranial 18 
aneurysms investigators. Unruptured intracranial aneurysms: Natural history, clinical 19 
outcome, and risks of surgical and endovascular treatment. Lancet. 2003; 362:103–110. 20 
3. Mayberg MR, Batjer HH, Dacey R, et al. Guidelines for the management of aneurysmal 21 
subarachnoid hemorrhage. A statement for healthcare professionals from a special writing 22 
group of the Stroke Council, American Heart Association. Stroke. 1994; 25:2315–2328. 23 
4. Dumont AS, Lanzino G, Kassell NF. Unruptured aneurysms. J Neurosurg. 2002; 96:52– 56. 24 
5. Crompton MR. Mechanism of growth and rupture in cerebral berry aneurysms. BMJ. 1966; 25 
1:1138–1142. 26 
6. Tsukahara T, Murakami N, Sakurai Y, et al. Treatment of unruptured cerebral aneurysms; a 27 
multicenter study at Japanese national hospitals. Acta Neurochirurgica. 2005; 94:77–85. 28 
7. Malek AM, Alper SL, Izumo S. Hemodynamic shear stress and its role in atherosclerosis. J 29 
Am Med Assoc. 1999;282:2035–2042. 30 
11 
 
8. Meng H, Feng Y, Woodward SH, et al. Mathematical model of the rupture mechanism of 1 
intracranial saccular aneurysms through daughter aneurysm formation and growth. Neurol 2 
Res. 2005; 27:459–465. 3 
9. Ku DN, Giddens DP, Zarins CK, Glagov S. Pulsatile flow and atherosclerosis in the human 4 
carotid bifurcation. Positive correlation between plaque location and low oscillatory shear 5 
stress. Arteriosclerosis. 1985;5:293-302. 6 
10. Frosen J, Piippo A, Paetau A, et al. Remodeling of saccular cerebral artery aneurysm wall is 7 
associated with rupture: histological analysis of 24 unruptured and 42 ruptured cases. Stroke. 8 
2004; 35:2287-2293. 9 
11. Cebral JR, Fernando M, Weir J, Putman C. Quantitative Characterisation of the 10 
Hemodynamic Environment in Ruptured and Unruptured Brain Aneurysms. AJNR. 2011; 11 
32:145-151. 12 
12. Castro MA, Putman CM, Cebral JR. Computational fluid dynamics modelling of intracranial 13 
aneurysms: effects of parent artery segmentation on intra-aneurysmal hemodynamics. 14 
AJNR. 2006; 27:1703–1709. 15 
13. Ford MD, Alperin N, Lee SH, Holdsworth DW, Steinman DA. Characterization of 16 
volumetric flow rate waveforms in the normal internal carotid and vertebral arteries. Physiol 17 
Meas. 2005; 26:477–488. 18 
14. He X, Ku DN. Pulsatile flow in the human left coronary artery bifurcation: average 19 
conditions. J Biomech Eng. 1996; 118: 74–82. 20 
15. Glor FP, Ariff B, Hughes AD, et al. Image-based carotid flow reconstruction: a comparison 21 
between MRI and ultrasound. Physiol Meas. 2004; 25:1495-1509. 22 
16. Xiang J, Natarajan SK, Tremmel M, et al. Hemodynamic-Morphologic Discriminates for 23 
Intracranial Aneurysm Rupture. Stroke. 2011; 42:144-152. 24 
17. Omodaka S, Sugiyama S, Inoue T, et al. Local Hemodynamics at the Rupture Point of 25 
Cerebral Aneurysms Determined by Computational Fluid Dynamics Analysis. Cerebrovasc 26 
Dis. 2012; 34:121-129. 27 
18. Lu G, Huang L, Zhang X, et al. Influence of Hemodynamic Factors on Rupture of 28 
Intracranial Aneurysms: Patient-Specific 3D Mirror Aneuryms Model Computational Fluid 29 
Dynamics Simulation. AJNR. 2011; 32:1255-1261. 30 
12 
 
19. Cebral JR, Sheridan M, Putman CM. Hemodynamics and Bleb Formation in Intracranial 1 
Aneurysms. AJNR. 2010;31:304-310. 2 
20. Zhang Y, Mu S, Chen J, et al. Hemodynamic Analysis of Intracranial Aneurysms with 3 
Daughter Blebs. Eur Neurol. 2011; 66:359-67. 4 
21. Kawaguchi T, Nishimura S, Kanamori M, et al. Distinctive flow pattern of wall shear stress 5 
and oscillatory shear index: similarity and dissimilarity in ruptured and unruptured cerebral 6 
aneurysm blebs. JNS. 2012; 117:774-780. 7 
22. Shojima M, Nemoto S, Morita A, Oshima M, Watanabe E, Saito N.  Role of Shear Stress in 8 
the Blister Formation of Cerebral Aneurysms. Neurosurgery. 2010; 67:1268-1275. 9 
23. Dolan JM, Meng H, Singh S, Paluch R, Kolega J. High Fluid Shear Stress and Spatial Shear 10 
Stress Gradients Affect Endothelial Proliferation, Survival, and Alignment. Ann Biomed 11 
Eng. 2011; 39:1620-1631. 12 
24. Traub O, Berk BC. Laminar Shear Stress : Mechanisms by Which Endothelial Cells 13 
Transduce an Atheroprotective Force. Arterioscler Thromb Vasc Biol. 1998;18:677-685.  14 
25. Shaaban AM, Duerinckx AJ. Wall Shear Stress and Early Atherosclerosis: A Review. AJR. 15 
2000; 174:1657-1965. 16 
26. Knight J, Olgac U, Saur SC, et al. Choosing the optimal wall shear parameter for the 17 
prediction of plaque location – A patient specific computational study in human right 18 
coronary arteries. Atherosclerosis. 2010; 211:445-450. 19 
27. Kondo S, Hashimoto N, Kikuchi H, Hazama F, Nagata I, Kataoka H. Cerebral aneurysms 20 
arising at nonbranching sites. An experimental study. Stroke. 1997;28: 398–403. 21 
28. Masuda H, Zhuang YJ, Singh TM, et al. Adaptive remodeling of internal elastic lamina and 22 
endothelial lining during flow-induced arterial enlargement. Arterioscler Thromb Vasc Biol. 23 
1999; 19:2298 –2307. 24 
29. Meng H, Tutino VM, Xiang J, Siddiqui A. High WSS or Low WSS? Complex Interactions 25 
of Hemodynamics with Intracranial Aneurysm Initiation, Growth, and Rupture: Toward a 26 
Unifying Hypothesis. [published online ahead of print April 18, 2103] AJNR. 2013:1-9. 27 
10.3174/ajnr.A3558. Accessed [15/06/2013].  28 
30. Suga M, Yamamoto Y, Sunami N, Abe T, Kondo A. Growth of asymptomatic unruptured 29 
aneurysms in follow-up study: report of three cases. No Shinkei Geka - Neurological 30 
Surgery. 2003; 31:303–308. 31 
13 
 
31. Tateshima S, Tanishita K, Omura H, Villablanca JP, Vinuela F. Intra-aneurysmal 1 
hemodynamics during the growth of unruptured aneurysm: in vitro study using longitudinal 2 
CT angiogram database. AJNR. 2007; 28:622–627. 3 
32. Torii R, Oshima M, Kobayashi T, Takagi K, Tezduyar TE. Fluid-structure interaction 4 
modelling of a patient-specific cerebral aneurysm: influence of structural modelling. Comput 5 
Mech. 2008; 43:151-159. 6 
33. Maurits NM, Loots GE, Veldman AEP. The influence of vessel wall elasticity and 7 
peripheral resistance on the carotid artery flow wave form: A CFD model compared to in 8 
vivo ultrasound measurements. J Biomech. 2007; 40:427-436.  9 
34. Fisher C, Rossmann JS. Effect of Non-Newtonian Behaviour on Hemodynamics of Cerebral 10 
Aneurysms. J Biomech Eng. 2009; 131:091004. 11 
35. Marzo A, Singh P, Larrabide I, et al. Computational hemodynamics in cerebral aneurysms: 12 
The effects of modeled versus measured boundary conditions. Ann Biomed Eng. 2011; 13 
39:884-896. 14 
36. Steinman DA, Taylor CA. Flow imaging and computing: large artery hemodynamics. Ann 15 
Biomed Eng. 2005; 33:1704-1709. 16 
37. Rooij WJ, Sprengers ME, de Gast AN, Peluso JPP, Sluzewski M. 3D Rotational 17 
Angiography: The New Gold Standard in the Detection of Additional Intracranial 18 
Aneurysms. AJNR. 2008; 29:976-979. 19 
 20 
 21 
Figure Legends 22 
Fig 1 – Diagram of aneurysm model indicating the four separate regions (bleb, aneurysm, near 23 
and far) with major inflow and outflow structures shown. 24 
 25 
Fig 2 – Example of model where maximal wall shear stress (WSS) is located within the bleb 26 
region on the pre-bleb model. Bleb models are on the left and pre-bleb models on the right. All 27 
images are from the same patient. (a) Time-averaged WSS (b) Flow streamlines (c) Inflow iso-28 
velocity (d) Inflow velocity vector plot. 29 
14 
 
 1 
Fig 3 – Example of model where maximal wall shear stress (WSS) is unrelated to the bleb region 2 
on the pre-bleb model. Bleb models are on the left and pre-bleb models on the right. All images 3 
are from the same patient. (a) Time-averaged WSS (b) Flow streamlines (c) Inflow iso-velocity 4 
(d) Inflow velocity vector plot. 5 
 6 
Fig 4 – Pressure (a & c) and oscillatory shear index (b & d) plots for models depicted in Figures 7 
2 and 3.  Bleb models are on the left and pre-bleb models on the right. 8 
 9 
Fig 5 – Box and whisker plots showing time averaged wall shear stress over the five pre-defined 10 
vessel regions for both the pre-bleb and bleb models. Numbers on the x-axis are expressed in 11 
Pascal. * indicates statistically significant difference between bleb and pre-bleb models (p<0.05). 12 
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Patient details 
Mean age ±SD, years 56±12 
Gender 
Female 
Male 
 
20 (74.1%) 
  7 (25.9%) 
Rupture status 
Ruptured 
Unruptured 
 
18 (66.6 %) 
  9 (33.3%) 
Aneurysm location 
MCA 
PCOM 
Ant chor 
AcomA 
Basilar tip 
Paraopthalmic 
Terminal ICA 
Pericallosal 
SCA 
   
  7 (25.9%) 
  6 (22.2%) 
  5 (18.5%) 
  2   (7.4%) 
  2   (7.4%) 
  2   (7.4%) 
  1   (3.7%) 
 1   (3.7%) 
  1   (3.7%) 
Bleb location 
Neck 
Body 
Dome 
 
  5 (18.5%) 
  9 (33.3%) 
13 (48.1%) 
Aneurysm side 
Left 
Right 
Midline 
 
  9 (33.3%) 
14 (51.9%) 
  4 (14.8%) 
 
Table 1 : Patient and aneurysm details. Abbreviations : MCA – middle cerebral artery, 
PCOM – posterior communicating artery, Ant chor – anterior choroidal, AcomA – anterior 
communicating artery, ICA – internal carotid artery, SCA – superior cerebellar artery. 
 
Table 1
  Bleb model Pre-bleb model 
 Number (%) p-value Number (%) p-value 
Max WSS       (at / adjacent to bleb) 21 (78%) 0.006 20 (74%) 0.019 
Max P             (at / adjacent to bleb) 19 (70%) 0.052 17 (63%) 0.248 
OSI > 0.2        (at / adjacent to bleb) 24 (89%) <0.001 16 (59%) 0.442 
Streamlines   (related to bleb) 24 (89%) <0.001 24 (89%) <0.001 
 
Table 2 : Maximal wall shear stress (WSS), wall pressure (P), oscillatory shear stress (OSI)  
and flow streamlines related to the bleb for models both before and after bleb formation. 
 
Table 2
 Bleb model Pre-bleb model 
 Number (%) p-value Number (%) p-value 
WSS  (bleb < aneurysm) 24 (89%) <0.001 18 (67%) 0.122 
P        (bleb < aneurysm) 10 (37%) 0.248   8 (30%) 0.052 
OSI    (bleb < aneurysm) 15 (56%) 0.701
 
21 (78%) 0.006 
 
Table 3 : Wall shear stress (WSS), wall pressure (P) and oscillatory shear index (OSI) of the 
bleb region compared with the primary aneurysm for models both before and after bleb 
formation. Number refers to models where the bleb value was lower than the aneurysm value. 
 
Table 3
 Bleb model Pre-bleb model 
 Number (%) p-value Number (%) p-value 
WSS (aneurysm  < near vessel)   27 (100%) <0.001  27 (100%) <0.001 
P       (aneurysm  < near vessel)    2      (7%) <0.001    2      (7%) <0.001 
OSI   (aneurysm  < near vessel)    2      (7%) <0.001
 
   2      (7%) <0.001 
 
Table 4 : Wall shear stress (WSS), wall pressure (P) and oscillatory shear index (OSI) of the 
aneurysm compared with the nearby vessel for models both before and after bleb formation. 
Number refers to models where the aneurysm value was lower than the near vessel value. 
 
Table 4
